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FOREWORD 


This  report  constitutes  the  Final  Report  on  work  performed  by  the  Crystals  Re¬ 
search  Group  of  the  Speedway  Laboratories  under  Contract  Nonr  4131(00).  The  program 
has  been  directed  by  Dr.  O.  H.  Nestor,  the  Principal  Investigator,  and  monitored  by 
Dr.  Van  O.  Nicolai  of  the  Physics  Branch  of  the  Office  of  Naval  Research.  All  recent 
experimental  work  has  been  performed  by  Dr.  H.  Fay,  Mr.  C.  D.  Brandle  and  Mr. 

B.  J.  Corbitt.  Previous  contributors  to  die  program  include  Dr.  L.  G.  Tensmeyer,  Mr. 
E.  T.  Fritsche,  Mr.  J.  W.  Lyle,  Mr.  R.  G.  Rudness,  Mr.  R.  L.  Hutcheson,  Mr.  A.M. 
Broyer,  Mr.  R.  L.  Brindle  and  Mr.  G.  W.  Edwards.  The  electron-spin- resonance 
studies  were  made  by  Dr.  Paul  H.  Kasai  of  the  Union  Carbide  Research  Institute.  This 
Final  Report  was  written  by  Dr.  H.  Fay.  It  reviews  the  entire  program  but  specifically 
includes  the  period  from  January  1,  1965  to  October  31,  1965, 


I.  SUMMARY 

The  development  of  cubic  percvskites  as  symmetric  hosts  for  laser  dopant  ions  is  of 
interest  because  long  fluorescent  lifetimes  are  to  be  expected.  Other  work  on  LaA103:Cr 
appears  to  confirm  this.  The  simple  n-IV  perovskites  are  of  interest  as  hosts  for  divalent 
and  tetravalent  dopants,  but  only  four  such  compounds  SrTiC3,  SrSnCK,  BaSn03  and  BaZr03 
are  known  to  be  cubic  at  room  temperature.  The  low  dielectric  properties  and  stability  to¬ 
ward  reduction  of  BaZr03  makes  it  the  most  attractive  potential  host.  The  refractory 
nature  of  this  compound  has  heretofore  prohibited  melt  synthesis  of  single  crystal  BaZr03. 

A  novel  crucible-less  melting  technique,  referred  to  as  "skull -melting”,  has  been 
studied  intensively  as  a  means  for  producing  single  crystals  of  BaZr03  (and  also  SrTiG3). 

The  process  involves  inductive  coupling  of  electromagnetic  radiation  directly  to  the  melt 
which  acts  as  its  own  susceptor.  The  effects  of  many  of  the  numerous  variables,  both  ther¬ 
mal  and  electrical,  on  the  process  have  been  studied.  The  coupling  of  energy  is  found  to  de¬ 
pend  primarily  on  the  frequency  and  the  size  and  electrical  conductivity  of  the  melt.  Numer¬ 
ous  experiments  have  demonstrated  that  SrTi03  (and  BaTiOs)  may  be  fused  by  this  process  in 
a  nearly  reproducible  manner  and  maintained  in  the  molten  state  apparently  indefinitely. 

Amy  attempts  have  been  made  to  pull  single  crystals  of  SrTiC>3  (and  BaTi03)  but  only  dark, 
polycrystalline  masses  of  partially  deoxidized  material  have  been  obtained. 

The  fusion  of  large  quantities  of  BaZr03  has  also  been  accomplished  by  die  skull¬ 
melting  process.  Melts  have  been  sustained  for  several  hours  but  it  is  uncertain  whether 
or  not  a  true  "steady  state"  has  been  obtained.  A  loss  of  coupling  frequently  occurred  and 
this  is  attributed  to  a  gradual  decrease  in  the  electrical  conductivity  of  fee  melt.  When 
alumina  was  tested  for  comparison,  a  similar  difficulty  in  sustaining  fee  melts  was  en¬ 
countered,  nor  did  we  succeed  in  pulling  sapphire  crystals  from  skull-melted  alumina. 

The  synthesis  of  single  crystals  of  BaZr03  from  the  melt,  a  principal  objective  in  fee 
symmetrical  laser  host  program,  has  not  yet  been  accomplished,  due  to  difficulties  in  the 
skull-melting  process. 

These  experiments  indicate  that  the  electrical  conductivities  of  molten  oxides  may 
be  much  lower  than  that  given  in  the  literature.  The  electrical  conductivity  of  liquid  A1203 
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mis  been  directly  measured  with  iridium  electrodes  at  2400*K  and  found  to  be  384  ±5  mho/m 

mis  is  a  factor  of  four  lower  than  the  accepted  value  but  may  still  be  higher  than  the  "in¬ 
trinsic”  conductivity  of  the  "pure"  oxide. 

The  state  of  the  manganese  ions  in  Mn-doped  SrTi03,  produced  early  in  this  pro- 
Tam  by  the  Veincuii  method,  has  been  investigated  by  electron-spin-resonance  spectro¬ 
scopy  (ESR),  Only  divalent  manganese,  Mn+2,  was  detected,  ^his  confirms  previous 
suspicions  that  tetravalent  manganese,  Mn+4,  cannot  be  stabilized  in  the  SrTi03  crystal. 
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INTRODUCTION 


The  overall  objective  of  the  program  on  symmetrical  laser  crystals  is  to  obtain 
better  crystal  host-dopant  combinations  for  giant  pulse  lasers.  For  this  purpose  it  is 
desirable  that  the  fluorescent  lifetime  of  the  dopant  ions,  as  it  exists  in  the  host,  be 
reasonably  long.  In  many  cases  of  interest  (e.  g,  divalent  rare  earth  ions)  the  transition 
is  forbidden  in  the  free  atom.  The  ion  in  the  crystal  will,  in  general,  behave  differently 
and  fluorescent  lifetimes  are  usually  quite  short.  If,  however,  the  ion  occupies  a  symmet¬ 
rical  site  in  the  crystal,  it  is  expected  to  be  more  nearly  like  the  free  atom.  This  contract 
is  a  part  of  a  greater  effort  under  ARPA  Order  206-62,  Program  Code  Number  3730,  4730, 
to  establish  the  validity  of  this  premise  and  to  determine  to  what  extent  fluorescent  life¬ 
times  can  be  effected. 

The  lengthening  of  the  fluorescent  lifetime  of  an  ion  by  placing  it  in  a  centrosym- 
metric  site  appears  to  be  substantiated  by  work  with  LaAl03  crystals.  The  lifetime  of 
Cr+3  has  been  reported  to  be  25^  to  34^  milliseconds  in  LaA103  compared  to  3  ms  in 
ruby.  The  lifetime  of  Nd+3  appears  to  be  increased  by  a  factor  of  two  (2).  This  compound 
is  nearly,  but  not  exactly  cubic.  The  Cr+3  enters  the  B-site  which  is  centrosymmetric  while 
the  Nd+3  enter  s  the  A-site  which  is  not  quite  centrosymmetric.  ^  This  may  explain  the 
difference  in  lifetime  enhancement  of  Cr+3  vs  Nd+3. 

The  specific  objective  of  this  investigation  is  to  grow  cm3-sized  crystals  of  cubic 
perovskites  of  the  type  A+2B+403  activated  with  divalent  or  tetravalent  cations.  The  aim  is 
as  above,  to  provide  a  centrosymmetric  site  for  the  dopant  ion  and  thereby  enhance  its 
lifetime.  A  further  objective  is  to  have  the  dopant  ion  enter  the  crystal  lattice  by  isoelec- 
tronic  substitution  for  one  of  the  host  ions.  The  isoelectronic  substitution  creates  no  elec¬ 
tronic  defects  in  the  crystal  and  removes  the  need  fcr  charge  compensators.  The  n-IV 
perovskite  oxides  are  of  particular  interest  because  there  are  certain  divalent  and  tetra¬ 
valent  dopants  that  have  desirable  fluorescent  characteristics.  The  divalent  rare  earth 
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Of  the  known  perovskites,  iew  appear  attractive  for  this  application.  As  diseuss- 

(5) 

ed  below  and  in  the  previous  Semi-Annual  Summary  Report'  ,  barium  zirconate  is  still 
thought  to  be  potentially  the  best  "host"  for  substitutional  doping  with  divalent  rare  earth 
ions.  This  compound  is  extremely  refractory  and  the  usual  techniques  of  making  oxide 
crystals  are  not  applicable.  Early  experiments  on  flux  growth  of  BaZr03  had  lead  to  the 
conclusion  that  a  melt  technique,  or  more  particularly  a  Czochralski  pulling  method, 
would  be  more  desirable,  provided  that  a  means  of  melting  and  containing  this  compound 
could  be  found.  A«'o  crucible  materials  were  known  that  could  be  used  without  attack  at  the 
required  temperatures.  The  only  way  to  contain  a  melt  of  BaZr03  appeared  to  be  self-con¬ 
tainment,  in  a  " skull"  of  3olid  BaZr03.  Initial  experiments  had  indicated  that  refractory 
oxides  could  indeed  be  melted  in  a  skull  of  the  same  oxide,  by  direct  coupling  with  a  radio¬ 
frequency  induction  coil.  These  and  later  experiments  also  have  shown  that  there  are  many 
diffi  .titles  to  overcome  before  the  method  could  be  successfully  applied  to  crystal  growth 
by  the  Czochralski  method.  Many  skull-melting  experiments  have  been  carried  out  under 
conditions  that  appeared  to  be  nearly  satisfactory  for  crystal  growth,  but  failed  because  wf 
either  could  not  nucleate  and  pull  single  crystals  from  the  melt,  or  because  of  slow  physio- 
chemical  changes  that  occurred  in  the  system  which  made  it  progressively  more  difficult  to 
maintain  the  melt.  The  latter  difficulty  appeared  to  be  most  pronounced  in  systems,  such 
as  alumina,  where  it  is  well  known  that  single  crystals  can  be  pulled  from  melts.  The  only 
apparent  way  to  resolve  these  difficulties  appeared  to  be  by  improved  design  of  the  skull¬ 
melting  process  in  order  to  better  match  the  characteristics  of  the  system  being  melted. 
This  in  turn  requires  a  fairly  complete  understanding  of  the  skull-melting  process.  Much 
effort  in  this  period  has,  therefore,  been  directed  toward  improved  analysis  of  the  skull¬ 
melting  process,  measurement  of  the  electrical  conductivity  of  alumina  melts  and  a  scal¬ 
ing-up  of  the  me’ting  apparatus  for  more  efficient  coupling  to  melts. 
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in,  DISCUSSION  OF  PEROVSKITE  SYSTEMS  AS  SYMMETRIC  HOSTS  FOR  TOP  ANT  IONS 
A.  Cubic  Perovskites. 

In  oruer  to  fulfill  the  requirement  that  the  dopant  ion  enter  the  lattice  sub- 
stitutionally  in  a  site  of  high  symmetry,  the  host  perovskite  should  be  cubic.  The  ideal 
perovskite  structure  (ABO3)  is  cubic  and  has  the  symmetry  of  space  group  Pm3m.  Both 
the  A-sites  and  the  B-sites  are  centro symmetric  (symmetry  element  1)  and,  therefore, 
either  should  be  good  sites  for  doping.  However,  most  so-called  perovskites  are  "deriva¬ 
tive  structures"  or  displacive  distortions  of  the  ideal  perovskite  structure.  Furthermore, 
almost  all  perovskites  exhibit  one  or  more  phase  transitions  over  the  temperature  range 
from  0°  K  to  their  melting  points.  When  phase  transitions  do  occur,  the  lower  tempera¬ 
ture  forms  are  of  lower  symmetry  than  the  cubic  space  group  Pm3m.  This,  however,  may 
or  may  not  destroy  the  center  of  symmetry  at  the  cation  sites.  In  fact,  the  best  example  to 
date  of  fluorescent  lifetime  enhancement  is  that  of  Cr+3  -  doped  I.aA103,  cited  above.  At 
room  temperature  this  compound  is  rhombohedral- trigonal  (R3m)  and  only  the  Al+3  ions  are 
truly  at  a  center  of  symmetry. 

Only  the  A+2B+403  perovskites  have  been  considered  in  this  inv  stigation. 

The  problem  of  finding  ideally  cubic  n-IV  perovskites  has  been  discussed  at  length  in  the 
(5) 

previous  report.  While  many  well  known  n-IV  perovskites,  such  as  BaTiOj,  transform 
to  the  cubic  as  the  temperature  is  increased,  there  are  only  four  compounds  that  have  been 
shown  to  be  cubic  at  room  temperature.  They  are  SrTi03,  SrSn03,  BaSn03  and  BaZr03. 

Of  these  four  perovskites  SrTi03  and  BaZr03  were  chosen  for  study  in  this  investigation. 

Both  of  these  compounds  are  apparently  ideally  cubic  from  their  melting  points  down  to 
cryogenic  temperatures  (1106K  in  the  case  of  SrTiOa) .  The  ionic  radii  are  also  such  that 
BaZr03  should  offer  a  suitable  site  for  doping  with  divalent  rare  earth  ions  Sm+Z,  Eu+2  and 
Yb+2.  Of  these  ions  Sm+2  is  of  the  most  interest  for  laser  applications;^  the  other  ions 
are  of  interest  because  of  their  ease  of  reduction  and  stability  in  the  divalent  dtate.  Simi¬ 
larly,  the  radii  in  SrTi03  should  permit  substitution  of  Mn+4  in  the  Ti4 1  -sits. 

When  working  with  n-IV  perovskite  compounds,  one  cannot  completely  avoid 
considering  the  phenomena  of  "ferroelectricity"  and  "antiferroelectricity"  which  are  so 
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prominent  in  these  compounds.  The  degradation  of  the  cubic  phase  to  phases  of  lower 
symmetry  is  often  considered  to  be  the  result  of  electrical  interactions,  as  for  example 
in  Devonshire’s  theory  of  BaTi03. '  '  When  ferroelectricity  (or  antiferroelectricity) 
occurs,  the  polarization,  and  presumably  also  the  local  fields  in  die  crysta*,  can  become 
very  high.  This  situation  is  probably  undesirable  for  lifetime  enhancement  of  a  dopant 
ion.  Not  only  is  the  site  non-centrosymmetric  but  the  electrical  effects  of  even  a  slight 
distortion  may  be  very  large.  It  is  rather  unlikely  that  "free  ion"  behavior  will  occur 
under  these  conditions.  On  this  basis  one  should  avoid  ferroelectric  and  antiferroelectric 
perovskites.  Even  in  the  cubic  or  "paraelectric"  state  such  compounds  have  large  polari¬ 
zabilities  and  unfavorable  electrical  effects  should  be  anticipated.  It  is,  therefore,  note¬ 
worthy  that  none  of  the  four  cubic  compounds  above  are  known  to  be  ferroelectric.  SrTi03 
does  have  a  high  dielectric  constant  which  follow  a  Curie-Weiss  law  to  low  temperatures. 

A  dispiacive  transition  is  known  to  occur  in  the  vicinity  of  110°K,  possibly  to  an  antiferro- 
electric  state,  even  though  the  departure  from  cubic  symmetry  is  exceedingly  small. 

<B) 

The  other  compounds  do  not  have  notably  high  dielectric  constants.  For  example  BaZrO, 
has  a  dielectric  constant  of  about  40  at  room  temperature  and  this  decreases  only  slightly 
with  increasing  temperature. 

H _ Our  tal  Chemistry  and  Doping: 

The  defect  chemistry  of  II-IV  perovskites  was  briefly  considered  in  the 
(5) 

1  revious  report'  .  The  work  done  since  this  has  not  altered  the  descriptions  that  have 
been  given.  Some  further  observations  have  been  made  on  the  tendency  of  titanates 
(SrTi03  and  BaTiO^  to  lose  oxygen  with  a  corresponding  reduction  of  Ti+4  to  Ti+3.  These 
compounds  form  melts  which  are  appreciably  conductive  and  which  are  relatively  easy  to 
maintain  by  the  skull-melting  technique.  However,  it  is  well  known  that  it  is  extremely 
difficult  if  not  impossible  to  "pull"  single  crystals  of  these  substances  from  stoichiomet¬ 
ric  melts  by  trr  Czochralski  technique.  The  most  likely  reason  for  this  difficulty  is  that 
the  intrinsic  electronic  defects  create  a  high  optical  absorption,  which  grossly  inhibits 
heat  transfer  in  the  crystal.  High  melting  oxides  which  are  opaque  to  radiation  are  not 
well  suited  to  Czochralski  growth  and  this  appears  to  be  the  case  wiih  the  titanates. 
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However,  it  should  be  possible  to  alter  the  conductivity  and  absorptivity  by  doping.  We 
have,  therefore,  made  a  few  doping  experiments  with  skull-melted  BaTi03 in  order  to  see 
if  we  could  not  alter  the  material  in  such  a  way  that  wc  could  pull  single  crystals,  SrTi03 
would  presumably  behave  in  a  similar  manner,  BaTi03  was  used  merely  because  its  low¬ 
er  melting  point  permitted  easier  operation  and  observation.  These  experiments  are  de¬ 
scribed  more  fully  in  section  V-B  below.  Only  the  defect  structure  is  considered  here. 
The  intrinsic  defects  n  BaTi03  may  be  considered  to  be  represented  by  the  equations: 

Ba+2Ti+4(0'2)s  i!  Ba+2  (Ti+V  6  <^5  (0”2)3_x  (VQ_2)X  *  +  ne“  +  |  Oz  m-I 

The  crystal  is  thus  assumed  to  be  an  oxygen  deficient  n-type  .  emiconductor.  However 
most  of  the  oxygen  deficiency  is  compensated  for  by  the  reduction  of  Ti+4  to  Ti+3.  Now 
if  the  crystal  is  doped  with  lanthanum  oxiue,  the  La+3  will  substitute  for  Ba+2  and  create 
a  ’'positive"  lattice  defect: 


<LaBa> 

This  will  tend  to  increase  the  n-type  conductivity  (n),  the  reduction  of  titanium  (6),  and 
decrease  the  oxygen  vacancies  (x).  This  behavior  is  well  known,  see  for  example  Verwey. 
Our  observations  are  in  accord;  La-doped  BaTi03  is  black,  semiconducting  and  not  at  all 
conducive  to  Czochralski  pulling.  Doping  with  trivaient  ions  in  the  B-site  should  produce 
the  opposite  type  of  defect.  When  aluminum  oxide  is  used  to  dope  BaTi03,  the  Al+3  pro¬ 
duces  a  "negative"  lattice  defect 

(Al"+4)' 

This  will  tend  to  decrease  n  and  6  and  increase  the  vacancies,  x.  When  aluminum  doping 
was  tried  the  solidified  melt  was  indeed  lighter  in  color  than  "pure"  BaTi03.  Although 
crystal  pulling  was  still  not  successful,  there  was  some  indication  of  improvement.  It 
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appear^,  therefore,  that  lattice  defects,  such  as  anion  vacancies,  are  less  deleterious  to 
crystal  giowth  by  the  Czocliralski  method  than  are  electronic  defects. 

The  situation  in  BaZr03  is  quite  different.  There  is  no  evidence  of  reduc- 

/g\ 

tion  of  Zr+4  and,  therefore,  much  less  trouble  with  electronic  defects.  It  has  been  stated1 
that  BaZr03  is  a  p-type  semiconductor,  with  barium  ion  vacancies.  However,  the  very 
high  melting  point  of  BaZr03,  coupled  with  the  well  known  oxygen  deficiency  ^ther  perov- 
skite  systems  and  in  Zi02,  leads  one  to  suspect  the  presence  of  r  rygen  vacancies  also. 

One  may  postulate  a  structure  such  ac- 

Ba+!Zr+<  (O’2),  i*  (Ba+*),_6  <VBa+2>£  Zr+<  <°‘2)s-x  <V/x’  +  pe+  +  6  Ba  +  f  O,  IP  4 


where  2  5  =  p  +  2x 

Since  BaO  has  such  a  large  free  energy  of  formation,  it  is  most  probable  that  any  loss  of 
Ba  really  corresponds  to  just  a  volatilization  of  the  oxide  with  6  approximately  equal  to 
'  id  p  very  small.  In  any  event,  the  compound  is  a  much  poorer  electronic  conductor 
than  the  titanates.  As  shown  below ;  this  lack  of  conductivity  may  be  detrimental  to  the 
skull-melting  process  but  it  should  be  desirable  for  crystal  growth. 

In  addition  to  the  problems  involved  in  growing  n-IV  perovskites  as  laser 
hosts,  there  are  formidable  problems  in  doping  the  host  with  divalent  rare  earth  ions. 
The  rare  earths  are  normally  trivalent  and  the  divalent  ions  are  strong  reducing  agents. 
Furthermore,  in  some  cases  the  divalent  ions  may  be  unstable  toward  auto-oxidation- 
reduction  or  disproportionation  according  to  the  reaction: 

3Ln+2  2Ln+s  +  Ln°  1H-5 

If  this  reaction  proceeds  appreciably  toward  the  right,  then  divalent  doping  will  not  be 
possible.  However,  the  reaction  is  shifted  toward  the  left  by  increasing  temperature. 
Goldsmith  and  Pineh^’  have  estimated  the  temperatures  below  which  the  divalent  rare 
earth  ions  are  unstable.  These  ’’instability  temperatures”  are  very  high  for  lanthanum 
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and  cerium  and  decrease  to  a  minimum  at  europium  The  instability  temperature  is  again 
high  for  gadolinium  and  decreases  to  another  minimum  at  ytterbium.  Nd,  Pm,  Sm,  Eu, 

Tm  and  Yb  are  estimated  to  be  stable  as  divalent  ions  at  room  temperature.  The  others 
become  stable  at  much  higher  temperatures.  This  stability  will,  of  course,  be  influenced 
by  the  host.  Goldsmith  and  Pincn^^  maintain  that  the  divalent  rare  earths  are  less 
stable  in  oxides  and  sulfides  than  in  halides.  Thus,  there  is  some  question  whether  or  not 
div  ’ent  rare  earth  ions  can  have  a  stable  existence  in  die  n-IV  perovskite  oxides.  At  the 
present  we  cannot  prove  or  disprove  this.  In  the  present  study  we  have  only  considered 
Sm+2,  Eu+2  and  Yb+2  as  likely  to  be  stable.  Even  these  ions  would  only  be  stable  in  a  host 
that  is  very  resistant  toward  reduction.  SrTi03  is  readily  reduced  and  is  therefore  not  sa¬ 
tisfactory.  BaZr03  is  resistant  toward  reduc  aon  and  may  be  satisfactory  but  this  has  still 
to  be  demonstrated. 

C.  Crowin  Methods: 

A  variety  of  growth  methods  have  been  investigated  throughout  the  course 
of  this  study.  In  particular,  samples  of  SrTi03  both  undoped  and  doped  with  manganese, 
and  of  BaTi03  containing  small  additions  of  strontium,  have  been  prepared  by  the  Vemeuil 
or  flame  fusion  process.  The  growth  of  BaZr03  and  SrZr03  from  chloride-borate  fluxes 
by  the  temperature  decrease  method,  was  also  briefly  studied.  However,  the  ultimate  use 
of  perovskite  crystals,  in  laser  systems  will  demand  material  of  both  appreciable  size  and 
quality.  Experience  with  other  oxide  crystals  led  us  to  conclude  that  a  melt  process  would 
be  most  desirable  in  the  long  run,  and  further  effort  was  directed  toward  melt -pulling 
processes  or  variations  of  the  Czochralski  method. 

Based  on  theoretical  considerations  alone,  BaZr03  is  the  best  potential  laser 
host  material,  of  the  simple  n-IV  perovskite  compounds.  The  synthesis  of  sizeable  single 
crystals  of  this  compound  has  not  previously  been  accomplished  by  any  synthesis  procedure. 
This  substance  is  very  refractory  (mp  >  2600°C)  and  the  growth  of  this  crystal  is  a  very 
difficult  problem.  Tl..i  flame-fusion  method  cannot  be  used  to  attain  these  temperatures, 
and  there  are  no  known  crucible  materials  that  are  inert  to  attack  by  molten  BaZr03 .  In 
fact,  there  are  no  conventional  methods  of  crystal  growth  that  are  applicable  to  the  growth 
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of  single  crystal  BaZrC>3.  The  only  way  that  we  know  of  to  contain  a  melt  of  stoichiometric 
BaZr03,  without  reaction,  is  in  a  container  or  "skull"  made  of  the  compound  itself.  This 
process  is  referred  to  as  ’’skull -melting"  and  has  been  used  to  advantage  in  certain  metal¬ 
lurgical  operations  where  contamination  from  crucibles  must  be  avoided.  Skull-melting 
differs  from  most  fusion  processes  in  that  the  thermal  energy  required  to  maintain  the 
melt  cannot  be  conducted  through  the  container,  since  it  is  of  the  same  composition,  but 
must  be  supplied  internally.  This  can  be  accomplished  by  radio -frequency  induction  heat¬ 
ing,  using  the  moiten  liquid  as  its  own  susceptor.  The  development  of  the  skull-melting 
technique,  as  applied  to  BaZr03  and  other  oxides,  is  discussed  in  detail  in  the  next  section. 
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IV. _ DEVELOPMENT  OF  THE  SKULL-MELTING  TECHNIQUE: 

A.  General  Concept  of  Skull-Melting  as  Applied  to  Refractory  Oxides: 

As  mentioned  above,  " skull-melting1'  refers  to  the  containment  of  a  liquid 
"melt"  in  a  solid  "skull"  of  the  same  composition  (or  a  composition  in  equilibrium  with 
the  melt).  Furthermore,  we  apply  this  term  here  to  describe  a  process  wherein  the  liquid 
is  used  as  its  own  susceptor  for  coupling  of  electromagnetic  radiation  from  a  radio- frequency 
power  oscillator.  This  process  is  quite  different  from  most  other  heating  techniques  and 
presents  many  novel  problems.  The  systems  of  interest  are  oxides  that  are  low  loss  dielec¬ 
trics  when  solid  and  cold.  These  solids  do  not  heat  appreciably  in  electromagnetic  fields, 
and  it  is  therefore  impossible  to  start  a  melt  with  the  oxide  alone.  The  initial  melting  must 
be  accomplished  by  another  external  source  of  heat  or  by  adding  some  conductive  object  to 
the  charge.  We  have  used  the  latter  method  almost  exclusively,  a  solid  conductive  ring  act¬ 
ing  as  the  initial  susceptor.  After  the  melt  is  formed,  the  liquid  itself  should  act  as  sus¬ 
ceptor,  The  initial  susceptor  ring  is  now  superfluous  and  should  be  removed  or  reacted  in 
such  a  way  that  it  does  not  contaminate  the  melt  The  melt  differs  from  the  initial  suscep¬ 
tor  in  that  it  is  not  rigid.  The  liquid-solid  boundary  is  variable  and  will  only  be  stationary 
when  and  if  a  "steady- state"  is  achieved.  The  attainment  of  such  a  steady  state  depends  on 
the  thermal  and  electrical  properties  of  the  melt  itself,  convective  flow  in  the  melt,  radia¬ 
tion  from  the  melt  surface,  heat  transport  by  conduction  and  radiation  through  the  skull 
wall  and  the  geometry  and  electrical  characteristics  of  the  electrical  driving  network. 

Finally,  these  conditions  must  be  alterable  in  a  controlled  maimer  so  that  the  temperature 
at  the  center  of  the  melt  surface  can  be  made  correct  for  nucleation  and  growth  of  a  single 
crystal  by  the  Czochralski  method. 

(5) 

Most  of  these  problems  were  discussed  in  some  detail  in  the  previous  report.  ' 

There  we  showed  how  inductive  coupling  could  be  treated  in  terms  of  the  "complex  effective 

permeability"  of  the  load,  and  how  the  engineering  data  developed  for  Eddy  Current  Testing 
„  (12,  13) 

by  Forster  could  be  used  to  advantage.  The  problem  of  skull-boundary  stability  was 

app:  -.v jznately  analyzed  and  it  was  shown  that  the  skull  should  be  stable  provided  that  the 
melt  radiuo  is  not  too  small.  Experience  has  shown,  however,  that  the  melt  and  skull  must 
be  confined  by  some  sort  of  container.  The  container  must  be  made  from  material  that  is 
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a  good  thermal  conductor,  but  yet  it  must  not  "short-out*'  the  coupling  to  the  melt.  The 
simultaneous  requirements  of  confinement  and  of  close  coupling  of  the  power  are  in  con¬ 
flict  and  solutions  must  represent  a  compromise. 

In  Section  B  below,  we  extend  the  previous  analysis  of  inductive  coupling 
to  include  the  "container"  and  show  how  it  may  be  used  to  improve  the  coupling.  In 
Section  C  the  problem  of  the  electrical  conductivity  of  molten  oxides  is  reviewed.  Much 
of  the  difficulty  in  skull-melting  is  thought  to  be  due  to  variations  in  the  melt  conductivity. 
Previous  conclusions  about  melt  conductivities  are  now  in  question.  In  Section  D,  the 
practical  problems  of  skull-melting  such  as  starting  methods,  container  design  and  melt 
control  are  discussed. 

B.  Inductive  Coupling  to  Melts: 

Here  we  consider  the  problem  of  inductive  coupling  to  melts  (or  any  other 
load)  which  may  be  described  by  a  complex  effective  permeability.  First  the  problem  of 
a  simple  single  coil  and  load  will  be  treated  to  obtain  results  similar  to  Forster’s.  The 
analysis  will  then  be  extended  to  circuits  involving  "containers"  and  "transformer"  coup¬ 
ling.  The  analysis  will  show  the  advantages  of  using  "idlers"  or  "link  transformers"  in 
skull-  melting.  The  behavior  of  experimental  equipment  may  be  described  in  a  semi-quanti¬ 
tative  manner  according  to  this  analysis. 

The  load  is  assumed  to  be  cylindrical  of  radius  r4  and  to  have  a  "complex 
effective  permeability",  p*  =  p0  K*  =  p„  (K*  -  jK").  For  nonmagnetic  materials  the 
values  of  K'  and  K"  must  lie  between  0  and  1,  and  will  depend  on  the  electrical  conduc¬ 
tivity,  tj,  and  radius,  r4,  or  diameter,  d,  of  the  object  and  on  the  frequency  f.  These 
variables  may  be  combined  to  a  single  variable,  F,  where 


F  = 


gd  2f 

5.066  x  10 
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Forster  has  tabulated  the  values  of  K’  and  K"  for  full  cylinders^ 14^  in  terms  of  F,  the 
values  are  shown  in  Table  1  and  graphically  in  Figures  1  and  2.  Note  that  K*  decreases 
monotonically  with  increasing  F  but  that  K"  goes  from  0  to  a  maximum  of  .  3775  at 
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F  =■  6. 25  and  then  decreases  again  toward  zero.  The  quantity  K"/K*  is  also  plotted  in 
Figure  1.  This  is  equivalent  to  1/Q  for  the  circuit  and  shows  that  Q  is  always  greater 
than  1  but  approaches  1  for  high  values  of  F. 

To  see  how  the  complex  effective  permeability  may  be  applied  to  the  deter¬ 
mination  of  circuit  behavior,  consider  the  simple  circuit  shown  in  Figure  4.  The  load  is 
drawn  below  the  diagram  and  identifies  the  primary  current  and  voltage,  the  object  radius, 
r4,  the  effective  primary  radius,  rt  and  the  effective  permeabilities,  K*  and  K".  hi  this 
analysis  and  in  those  following,  the  "current-sheet  equivalent"  is  used  in  calculating  the 
inductance  of  the  coil.  Actual  short  helical  coils  will  require  corrections  when  the  induc¬ 
tance  Js  calculated  from  the  dimensions  but  the  current  sheet  equivalent  radius  may  be 
foi  and  employed  for  rt  in  lieu  of  the  actual  radius.  We  now  analyze  the  equivalent  cir¬ 
cuit  to  determine  the  impedance  as  seen  from  the  coil  leads. 

The  "current-sheet"  inductance  is  simply: 

Li  =  yn2x^ 

where  p  is  the  permeability 

A  is  the  effective  cross-section  of  the  circuit  IV  -  2 
t  is  the  length 
n  is  the  number  of  turns 


The  permeability  is  composed  of  two  parts,  that  of  the  object  and  that  of  the  free  space 
between  the  object  and  coil.  We  may  apportion  this  according  to  the  relative  areas. 
Treating  the  object  permeability  as  we  may  write  for 


M  = 
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The  inductance  thus  be- 


The  square  of  the  radius  ratio  is  called  the  ’’filling  factor*’,  t}  u, 
comes: 


L*'  * - 

If  the  object  were  absent,  the  s*.  cond  term  would  vanish  and  the  inductance  would  be  that 
of  an  empty  coil,  L^,  After  expanding  K*,  equation  4  becomes: 

L*  =  LIo[1  "  ^14  (1  "  K*>  "  IV  -5 

The  inductance  is  thus  complex.  It  is  perhaps  better  to  use  the  impedance  Z  =  jo)L*  =  R  +  jwL 
where: 


1-  tjl4  (1  ~  K*) 
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toL 

0)ho 


-t)l4(l-KV 
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R 

UjLo 


1 14  K" 
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Equations  (6)  nre  identical  with  expression  derived  by  Forster^  for  eddy  current  test¬ 
ing.  The  relative  resistance  and  reactance  may  be  obtained  directly  from  a  graph  cf 
V  ii(l  -  K')  vs*  Such  a  graph,  which  we  call  a  complex  plane  map,  is  shown  in 

Figure  3.  The  effect  of  th  ’  td  is  always  to  decrease  the  inductance  by  a)L0tji4  (1  -  K’)  and 
increase  the  resistance  by  a'L.»j14K".  The  graph  also  illustrates  the  importance  of  the  fill¬ 
ing  factor,  t?  44;  heavy  loading  of  the  circuit  requires  a  large  value  of  r)H. 

The  analysis  of  the  circuit  is  now  complete.  The  primary  voltage  and  current 

are  related  by: 


ei  =  Zit  IV  -  7 

The  behavior  of  the  entire  circuit  is  thus  described  by  an  equivalent  circuit  of  impedance  Z. 
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Skull -melting  experiments  demand  a  circuit  more  complicated  than  that  of 
Figure  4.  Auxiliary  structures  are  required  to  contain  the  melt  These  structures  are 
located  between  the  coil  and  load  and  thus  preclude  having  very  high  filling  factors,  rj. 

If  dielectric  materials  were  used,  the  analysis  would  be  similar  to  that  above.  In  all 
practical  cases,  however,  the  "container"  is  made  of  water-cooled  copper.  Since  the 
copper  is  a  conductor,  we  must  consider  its  effect  on  the  circuit. 

An  advantageous  geometry  for  skull-melting  is  shown  in  Figure  5.  The  con¬ 
tainer  consists  of  three  copper  "leaves”,  separated  so  that  they  are  electrically  indepen¬ 
dent.  The  equivalent  circuit  defines  the  voltages,  currents  and  radii  in  the  following  analy¬ 
sis.  The  thickness  of  the  gap  (the  equivalent  of  all  three  gaps)  is  taken  to  be  small  and  is 
neglected.  This  is  a  3-loop  circuit  and  the  circuit  equations  may  be  written  as:  (impe¬ 
dance,  Z,  defined  latur) 


ei  -  Zjij  +  Z12  i2  +  Zj3  i3 

e2  =  Zl2  it  +  Z2  i2  +  Z23  i3  IV  -  8 

e3  =  Z13  i|  +  Z^  i2  +  Z3  i3 


There  are  two  additional  conditions,  namely;  e2  =  e3  and  i2  =  -i3.  Equation  (8)  now  becomes: 


ei  -  21  ij  -  (Zj2  -  ZI3)  i3 


0  -  (Zl2  -  Zl3)  ij  -  (Z2  +  Z3  -  ZZ^  i3 


Solving  equations  (9) ,  we  obtain  the  following  relations: 


* 


h  - 


~(Z2  Z3  -  2Zra)  e< 


(Zj2  -  Zi3)“  -  Zj  (Z2  +  Z?  -  2Z23) 


~(Z_i2  ~  Zja)  et 


(Z |2  -  z}3)  -  Zj  (Z2  +  Zs  -  2Z»3) 


-k  _ _ ~  Z31 


ii  Z2  +  Z3  -  2Z23 


Z  — =  z<  - 


(Zl2  - 


^  Z2  +  Z$  —  2Z] 


23 
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The  impedances  may  now  be  defined  as  follows: 


Zj  =ju)Lj  Zt2  =  jo)Mi2 

Z2  =  jco  L2  Zj3  =  jo)MI3 

Z3  =  j  U)  L3  Z23  =  j  (ji  M23 

The  resistances  of  the  metallic  parts  have  been  neglected.  The  inductances, 
complex  and  may  be  written  as: 

[1  -  U„  (1  -  r»  ]  -  L10  [1  -  l)„  (1  -  K*>1 

.  fl  -  (1  -  K*>  ]  JL20[l-n24U-K*)'j 

2 

Ls*iL«££3_  '  l1  -nn(i  -k*)]  ”L30[i-  d,4(i-k*)1 

The  mutual  inductances  become: 

[1  -  (i  -  k*)"1 
[i  -  (i  -  k*,] 

[i-n«  <1  -  k*)1 
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however,  are 
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We  may  now  substitute  these  quantities  into  equations  (10c  and  lOd)  to  obtain: 


n 


and 


Z  -  jce  J^Lj  -  n  (Mjg  -  Mj3)^ 

=  J«L10  f  1  -a7T^-  -  «!,<  (1-  K*)"1 

^  A  1  w 
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Finally,  we  solve  for  the  relative  resistance  and  reactance  as  in  equation  (6)  and  obtain: 


coL  ,  r22  -  r32 

— : —  =  l  -  — jr*- 

CUL0  Tj 


ni4  ( i-K’) 


R 

o)L0 


nit  kh 
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The  analysis  is  now  complete.  The  significance  of  the  results,  as  they 
apply  to  skull-melting,  may  now  be  discussed.  First  we  find  from  equation  (14)  that 
according  to  the  "current  sheet"  approximation,  the  surface  current  in  the  metallic  parts 
is  simply  the  primary  current  times  the  number  of  turns.  This  simple  relation  is  just 
the  current  transformer  equation  and  applies  even  though  the  load  is  complex.  Of  more 
significance  is  the  comparison  of  equations  (6)  and  (16).  The  resistive  part  of  the  impe¬ 
dance  is  seen  to  be  identical.  Ideally,  the  container  parts  do  not  influence  the  loss.  The 
presence  of  the  filling  factor,  i?14,  appears  to  make  R  dependent  on  the  coil  size.  However, 
if  we  substitute  for  in  equation  (16b)  we  obtain: 


K„ 

V 
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and  thus  R  depends  only  on  the  radius  of  the  melt  r4. 
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The  inductance  is  affected  by  the  presence  of  the  container  parts.  They 
lecrease  the  inductance  in  proportion  to  their  cross  oectional  area  jin  addition  to  the  de¬ 
crease  produced  by  the  load  as  given  in  equation  (6).  We  may  define  an  inductance,  Lj,. 
which  is  that  of  the  assembly  without  the  load.  This  inductance  is  given  by 


Lit 


n  * 

ri‘ 


“i 


j 
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The  decrease  in  inductance  caused  by  the  container  is  beneficial;  Lu  should  be  as  small 
as  possible. 

The  reasons  why  a  container  design  such  as  that  of  Figure  5  is  desirable 
for  skull-melting  may  be  summarized  as  follows. 

(1)  The  conductivity,  a,  of  oxide  melts  is  less  than  that  of  metals. 

Good  coupling  only  occurs  when  F  is  in  the  range  shown  in  Figure  1.  This,  in  turn,  re¬ 
quires  that  f  d2  be  above  a  minimum  value.  However,  d  cannot  be  so  large  that  radiation 
losses  demand  extremely  large  powers.  Thus,  the  frequency,  f,  must  be  large. 

(2)  A  large  value  of  f  or  to  requires  *hat  the  coil  inductance  be  small, 
if  the  coil  is  going  to  permit  the  flow  of  a  large  current.  However,  the  coil  must  be  large 
enough  to  accommodate  the  melt  and  container.  This  usually  demands  that  L1Q  be  fairly 
large. 

(3)  The  container  parts,  when  arranged  as  in  Figure  5  act  to  fill  the 
"empty  space"  between  coil  and  load  and  decrease  the  effective  inductance  so  that  a  large 
primary  current  may  flow.  The  resistance  is  not  effected  and  the  primary  current  gener¬ 
ates  power  according  to: 


P  =  I,!toL10!iuK" 
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It  appears  that  with  further  practical  experience,  it  might  be  possible  to 
optimize  the  design  of  skull -melting  equipment.  So  far  this  has  not  been  attempted  excep 
to  the  extent  indicated  above. 
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Finally,  it  should  be  noted  that  all  the  equations  developed  here  are  for  the 
same  length,  t .  In  fact,  the  relations  are  really  true  only  for  very  long  cylinders.  When 
t  is  small  and  wuen  the  load  length,  ie.  lit  is  smaller  than  that  of  the  container  as  is  often 
the  case,  the  analysis  is  much  more  difficult.  In  fact,  there  is  no  simple  way  of  account¬ 
ing  for  differences  in  lengths,  without  going  back  to  the  fields  involved.  It  is  thought  that 
this  problem  is  best  approached  empirically,  by  extending  the  concept  of  the  " are a-ff  ling 
factor"  to  that  of  a  "volume- filling  factor".  In  this  way  we  may  use  all  the  above  equations 
by  merely  substituting  for  tj  14  the  appropriate  value  of  the  volume  tilling  factor.  This 
value  of  Tj  i4  will  be  that  which  gives  the  same  results  as  an  infinite  cylinder  with  an  area 
ratio  of  i?14. 

The  application  of  these  principles  to  actual  experimental  equipment  is  dis¬ 
cussed  in  Section  D  below. 

C.  The  Electrical  Conductivity  of  Oxide  Melts: 

From  the  preceding  analysis  we  find  that  efficient  power  delivery  to  the  load 
will  ofliy  occur  when  the  parameter,  F,  is  in  the  proper  range.  This,  in  turn,  depends  on 
the  conductivity,  a,  of  the  melt  When  the  conductivity  is  either  too  low  or  too  high,  the 
system  will  appear  to  be  nearly  a  pure  reactance  and  the  power  dissipation  will  be  small. 
However,  as  shown  by  Figures  1,  2,  and  3,  the  power  dissipation  should  be  appreciable 
for  conductivity  values  which  are  about  a  factor  of  ten  either  side  of  the  optimum.  There 

have  been  very  few  measurements  made  to  determine  the  conductivity  of  molten  oxides. 

(16) 

Van  Arkel  et  al.  review  the  subject  and  report  measurements  on  eight  oxides  (LiO, 
Bi203,  Te02,  PbO,  M0O3,  V2O5,  Cr03,  and  Some  additional  "electric  furnace"  es¬ 

timates  are  given  for  refractory  oxides  (MgO,  CaO,  TiOj,  Zr02,  Th02,  CrjO^  and  A1203). 
The  conductivities  vary  with  temperature  approximately  according  to  an  equation  of  the 
usual  type; 


log  o  =  A  + 


T 


IV-20 


from  which  activation  energies  may  be  calculated.  Some  of  Van  Arkel’s  results  are  shown 
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in  Figure  6  along  with  other  data  on  various  metals,  semi-conductors,  salts,  aqueous  solu¬ 
tions,  etc.  for  purposes  of  comparison.  It  appears  that  the  molten  oxides  of  interest  should 
have  conductivities  of  the  0*  ier  of  103  to  10*  mho  m"1.  They  should  then  he  better  conduc¬ 
tors  than  molten  NaCl  and  tee  strongest  of  aqueous  solutions,  but  poorer  conductors  than 
carbon  and  the  metals. 

The  conductivity  is  related  to  the  frequency,  f,  and  the  diameter  of  tee  coil, 
T),  by  the  approximate  equation: 

2f(mc)  =  “  (^j)  IV  -21 

Using  this  equation,  we  have  calculated  the  optimum  conductivity  for  a  particular  experi¬ 
mental  arrangement  (f  =  3  me,  t)D2  =  40  x  lO-^2,  F  =  6. 25)  to  obtain  a  value  of 
ca  260  mho/m,  or  log  <7  =  2. 4.  This  value  lies  below  the  values  for  oxides  shown  in 
Figure  6.  We  should,  therefore,  expect  good  coupling  with  these  oxide  melts.  In  fact, 
it  appears  as  though  the  conductivities  are  somewhat  higher  than  optimum.  However,  our 
experiments  have  shown  that  melts  of  the  titanates,  BaTi03  or  SrTi03,  may  be  readily 
maintained  in  this  apparatus,  but  that  melts  of  BaZrO*  or  A1203  behave  as  though  their 
electrical  conductivities  were  too  low  for  efficient  coupling.  This  has  prompted  us  to 
seriously  questiai  the  conductivity  data  for  refractory  oxides.  It  seemed  from  our  obser¬ 
vation  that  the  conductivities  given  in  Figure  6  might  be  far  too  high.  Since  the  measure¬ 
ments  on  high  melting  oxides  are  all  merely  estimates  from  electric  furnace  operating 
characteristics,  using  carbon  electrodes  in  the  melt,  it  was  thought  teat  much  of  the  re¬ 
ported  conductivity  could  have  come  from  contamination  and  was  not  ’'intrinsic".  Direct 
measurements  of  the  conductivities  of  these  pure  oxides  are  needed.  In  particular,  we  re¬ 
quire  the  value  for  BaZrC3.  We  have  been  unable  to  devise  a  method  for  directly  measur¬ 
ing  the  conductivity  of  BaZrOs,  but  we  have  developed  a  procedure  applicable  to  melts  of 
corundum,  AI2O3.  This  procedure  and  the  results  for  AI2O3  are  described  fully  in  Appen¬ 
dix  I.  This  experiment  has  been  written  as  a  separate  paper  and  has  been  submitted  for 
publication  in  the  Journal  of  Physical  Chemistry, 
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The  measured  conductivity  of  liquid  AljOj  was  fouad  to  be  384  mho/m.  This 

(16) 

value  is  indeed  lower  by  a  factor  of  4  than  that  reported  by  Van  Arkel.  However,  this 
conductivity  is  still  sufficient  to  make  the  melt  a  very  good  susceptor  in  our  apparatus. 

The  conductivity  measurement  did  not,  therefore,  resolve  the  problem.  As  stated  in  the 
Appendix,  the  measurements  were  made  under  conditions  which  were  somewhat  reducing. 

It  is  quite  possible  that  the  conductivity  in  an  oxidizing  environment  is  still  much  lower 
The  other  source  of  error  could  be  the  use  of  the  simple  semi-infinite  cylinder  formula 
for  the  calculations  (e.  g. ,  equation  IV -21).  Corrections  should  be  made  because  of  the 
shortness  of  the  melt.  The  ’’volume  filling  factor”  mentioned  above  may  be  much  less  than 
we  have  estimated.  In  any  event,  however,  these  oxides  behave  in  our  apparatus  as  though 
they  are  much  poorer  conductors  than  they  are  supposed  to  be.  The  only  way  to  improve 
the  situation  is  to  either  increase  the  frequency  or  the  size  of  the  system  or  both.  There¬ 
fore,  we  have  attempted  to  scale  up  the  system  as  described  in  the  following  section. 

D,  Design  and  Operating  Problems  in  Skull-Melting 

The  first  application  of  direct  coupling  of  radio-frequency  energy  to  oxide 

(17) 

melts  was  the  melting  of  manganese  ferrite  by  Montefort  et  al,  A  special  coil  was  made 
of  ’’square”  tubing.  The  spaces  between  the  turns  were  sealed  with  an  alumina-based 
cement.  A  special  water  cooled  copper  bottom  was  also  used.  The  water  circulating  in  the 
coil  kept  the  assembly  cool  and  thus  protected  against  attack  by  the  molten  ferrite. 

The  initial  experiments  on  perovskites  were  made  by  merely  packing  a  coil 
with  the  powdered  oxides.  This  simple  approach  has  been  applied  to  the  fusion  of  several 
oxides,  including  SrTi(>3,  BaZrO?  and  Zr02.  However,  there  are  disadvantages  to  this 
method.  After  liquid  is  formed,  the  melt  will  tend  to  increase  in  diameter  until  a  steady 
state  condition  can  develop  at  the  skull  wall.  When  the  coil  itself  serves  as  the  container 
and  heat  sink,  the  melt  may  tend  to  run  out  between  the  turns  of  the  coil.  The  melt  is  a 
conductor  and  may  also  "short-out”  part  of  the  ceil,  creating  arcs  which  can  destroy  the 
apparatus.  Increasing  the  coil  spacing  makes  it  more  difficult  to  contain  the  liquid,  while 
decreasing  the  spacing  may  make  arcing  more  likely.  Similar  problems  are  encountered 
in  all  designs.  However,  the  "gap”  problem  is  particularly  severe  with  the  simple  packed 
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coil  since  the  length  of  the  gap  is  long  and  breakdown  may  occur  at  many  places.  The  ob¬ 
vious  cure  for  this  problem  is  to  confine  the  charge  in  some  inert  container  (inert  also  in 
that  it  does  not  effect  the  electromagnetic  field).  Unfortunately,  such  a  materia!  is  not 
known.  Because  the  thermal  power  to  the  container  may  be  quite  large,  it  must  be  con¬ 
structed  of  a  good  thermal  conductor,  such  as  copper,  and  well  cooled  by  flowing  water. 
Since  the  copper  is  a  good  electrical  conductor,  the  container  cannot  completely  enclose 
the  melt  without  destroying  the  field  inside.  The  confinement  problem  and  the  electrical 
problem  are  in  direct  conflict.  All  of  the  designs  tested  were  thus  attempts  to  find  the 
appropriate  compromise. 

Several  auxiliary  container  designs  have  been  tested  during  this  program. 
The  first  was  a  simple  copper  tube  having  a  single  longitudinal  split  of  about  i/8-inch. 
Tubmg  was  soldered  to  the  outside  for  water  cooling.  Warping  was  a  problem  with  this 
container;  the  gap  would  tend  to  spread  during  a  run.  A  thicker  walled  container  was  then 
built.  Cooling  channels  were  milled  in  the  copper  and  closed  by  means  of  an  outer  tube 
soldered  on  with  silver  solder.  This  was  much  better  but  both  leaking  of  fluid  and  arc¬ 
ing  were  not  uncommon  With  SrTiO^.  which  tends  to  be  a  semiconductive  solid,  arcing 
was  severe.  Although  the  "split  tube"  type  of  container  does  not  destroy  the  internal 
electromagnetic  field,  it  does  interact  in  two  ways  The  "skir.  depth"  for  copper  is  very 
small  and  surface  currents  are  established  in  the  container.  As  long  as  these  currents 
do  not  enclose  the  melt,  they  do  little  harm  There  is  some  detuning  of  the  coil  and  some 
Joule  heating  in  the  copper,  but  these  perturbations  are  not  too  bothersome  The  contain¬ 
er  also  behaves  as  an  open-circuited  one-turn  coil  and  thus  a  voltage  develops  across  the 
gap.  When  the  voltage  gets  high  and  the  gap  small,  the  electric  field  may  become  high 
enough  for  "breakdown".  Finally,  there  is  some  displacement  current  across  the  gap  be¬ 
cause  of  the  distributed  capacity.  This  current  also  encircles  the  melt,  shielding  it  and 
is  therefore  detrimental.  This  effect  is  thought  to  be  small  If  arcing  does  occur,  how¬ 
ever,  this  short-circuit  current  will  badly  shield  the  melt 

These  cylindrical  containers  were  set  up  vertically  inside  the  induction 
coil  One  simple  way  to  prevent  th  >  fluid  melt  from  leaking  out  the  gap  it  to  turn  the 
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coil  and  cylinder  to  a  horizontal  position  with  the  gap  on  the  top.  There  fj  then  no  need 
for  the  gap  to  be  small;  it  can  be  opened  to  several  inches  and  arcing  across  the  gap  will 
also  be  prevented.  Several  varieties  of  horizontal  cylinders  or  "boats'1  have  been  built 
and  tested.  The  simplest  was  similar  to  the  thicker  cylinder  described  above,  but  with 
a  gap  of  ca.  2.5-inches.  The  cross-section  resembled  a  letter  "C".  Another  simple 
"boat"  was  made  by  bending  a  flat  copper  plate  nto  a  round-bottom  "V".  Cooling  pipes 
were  soldered  on  the  external  surface.  These  horizontal  containers  were  found  to  be  work¬ 
able  and  several  fusions  of  SrTi03  and  BaZrOj  have  been  made  in  them.  Problems  of  a 
different  nature  are  encountered  with  the  horizontal  boats.  While  there  is  no  longer  a 
problem  of  the  liquid  running  out  the  gap,  it  must  still  be  prevented  from  running  out  the 
ends.  The  solution  to  this  problem  appears  to  be  to  just  make  the  vessel  sufficiently  long, 
relative  to  the  coil,  so  that  the  melt  eventually  freezes  as  it  grows  longitudinally.  Probing 
of  the  magnetic  field  along  the  axis  of  the  coil  showed  that  the  field  "fell  off’  rather  quickly 
as  the  end  of  the  coil  was  passed,  in  accord  with  elementary  theory.  When  the  boat  is  in 
place,  however,  the  field  is  "stretched"  and  does  not  fall  off  so  rapidly.  Convective  mixing 
of  the  melt  also  tends  to  transport  fluid  toward  the  ends.  On  numerous  occasions  the  melt 
would  tend  to  impinge  on  the  ceramic  "end-plugs".  This  condition  is  bothersome  but  could 
no  doubt  be  cured  by  making  the  assembly  sufficiently  long.  Still  another  boat  was  construc¬ 
ted  by  cutting  two  saw  cuts  perpendicular  to  the  axis  and  half  way  through  a  large  copper  tube. 
The  central  section  was  then  pressed  or  dented  to  form  a  reversed  or  reentrant  cylindrical 
section,  making  the  total  cross  section  resemble  a  squat  hollow  "U".  Flat  bulkheads  were 
then  soldered  on  at  the  saw  cut  and  at  the  ends.  Finally,  entrance  and  exit  tubes  are  connect¬ 
ed  so  that  water  can  be  passed  through  the  hollow  space  in  this  "hollow-log"  boat.  The 
"hollow-log"  boat  has  the  advantage  of  rather  easy  fabrication,  plus  the  end  closures  which 
prevent  the  melt  from  spreading  longitudinally.  The  end  sections  do  not  apparently  prevent 
the  field  from  penetrating  the  melt  in  the  central  section.  Unfortunately,  the  particular 
boat  built  was  not  sized  properly  for  good  coupling  and  although  it  appears  satisfactory,  it 
has  not  been  tested  in  melting  oxides.  As  experience  was  gained  with  the  horizontal  boats, 
their  shortcomings  v  ire  also  brought  out.  If  the  skull  is  thin,  arcing  to  the  melt  can  occur 
at  the  top  surface  of  the  liquid.  The  current  then  flows  through  the  copper  and  across  the 


top  of  the  meu  to  complete  the  circuit.  The  top  surface  is  well  heated  by  both  the  arcs  and 
the  surface  current,  but  the  lower  regions  of  the  melt  are  shielded.  The  arcing  ntod  not 
be  violent,  but  it  erodes  the  vessel  and  introduces  copper  contamination  into  the  melt.  The 
arcs  pass  through  the  gas  space  between  boat  and  liquid,  rather  than  through  the  solid  skull, 
and  there  is  no  simple  way  to  stop  them.  Still  another  problem  is  the  coll  which  must  now 
pass  over  the  top  of  the  melt.  Pulling  of  crystals  is  not  prevented  by  the  coil;  the  coil  may 
be  stretched  sufficiently  to  allow  passage  of  pull-rod  and  crystal.  What  is  bothersome  is 
the  tendency  for  low  ionization  gases  from  the  melt  to  contact  the  coil  and  initiate  arcs. 

Various  covers  and  shields  have  been  used  to  protect  the  coil  but  there  are  no  materials 
satisfactory  for  use  with  BaZr03  and  the  problem  remains. 

All  of  the  horizontal  melting  systems  are  rather  severe  distortions  of  the 
circular  cylindrical  symmetry.  A  large  quantity  of  melt  must  be  created  to  fill  up  the 
vessel  to  a  point  where  good  coupling  can  occur.  Experiments  with  vertical  containers  also 
continued  and  at  this  stage  in  the  experimentation  a  vessel  was  made  that  appeared  to  be 
superior  to  its  predecessors.  This  was  achieved  by  mcreasing  the  number  of  gaps  Add¬ 
ing  gaps  may  seem  like  a  regression  toward  the  original  packed  coil,  but  now  the  gaps  were 
put  in  series.  The  optimum  number  of  gaps  is  not  known;  in  these  experiments  three  gaps 
have  been  used.  With  three  gaps  a  container  can  be  constructed  from  the  flat  plates  arrang¬ 
ed  in  an  equilateral  triangle.  This  type  of  assembly  is  shown  m  Figure  7.  The  advantage 
of  the  multiple  gap  design  is  the  !e;:ser  tendency  to  arcing.  The  gaps  may  be  narrow  enough 
to  quench  out  the  melt  by  the  ::thei  mal  pinch”  presented  at  the  gap,  but  still  not  initiate  arcs. 
This  is  undoubtedly  because  more  than  one  gap  must  be  jumped  simultaneously  in  order  to 
complete  the  circuit.  The  statistical  chances  for  failure  are  reduced.  This  does  not  mean  that 
arcing  and  electrical  breakdown  have  not  occurred  at  all,  but  only  that  the  chances  of  success¬ 
ful  operation  are  improved.  The  three  gap  design  has  been  the  most  satisfactory  of  those  test¬ 
ed. 


The  analysis  given  in  Section  B  has  shown  the  importance  of  close  coupling  and 
how  to  achieve  this  with  proper  design  of  the  container.  The  triangular  container  is  simple 
to  fabricate,  but  difficult  to  hold  together.  Also,  the  coupling  is  not  tight  since  there  are 
large  open  regions.  A  more  efficient  design  is  that  showai  schematically  in  Figure  5.  This 
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type  of  container  has  been  used  in  all  recent  tests.  One  container  had  a  2. 5-inch  inside 
diameter,  which  at  the  time  it  was  made,  was  thought  to  be  as  large  as  would  be  desirable 
for  fusing  BaZr03  since  the  radiation  losses  increase  as  the  top  surface  area  This  arrange¬ 
ment  has  been  very  satisfactory  for  fusing  the  titanates  but,  as  shown  above,  it  has  been 
found  to  be  very  difficult  to  mainvain  melts  of  BaZr03  or  even  A1203  in  this  system.  The 
fusions  can  be  made,  but  as  time  progresses,  ever  increasing  driving  currents  are  requir¬ 
ed  to  maintain  the  melt.  When  the  oscillator  reaches  full  output  the  melt  will  become 
quiescent  and  freeze. 

Recently,  we  have  found  a  reference  to  earlier  work  by  Sterling  and  Warrer 

/1g\ 

on  melting  of  metals  and  semi-conductors  without  a  crucible. '  ’  This  process  quite 
similar  to  what  we  have  termed  skull -melting,  except  for  die  important  difference  that 
these  workers  were  dealing  only  with  good  conductors.  Sterling  and  Warren  have  used  both 
horizontal  and  vertical  container  geometries  and  also  what  they  have  called  a  "cage  crucible". 
The  latter  is  made  of  silver  tubing  and  looks  something  like  an  inverted  bird  cage.  This  de¬ 
sign  was  apparently  very  satisfactory  for  pulling  silicon  crystals. 

The  problems  described  above  indicated  the  necessity  for  us  to  scale  up  our 
equipmert  so  as  to  be  able  to  maintain  melts  of  "apparently"  low  conductivity.  An  increase 
in  frequency  would  also  be  advantageous,  but  this  is  difficult  to  achieve  since  we  were  al¬ 
ready  operating  at  nearly  as  high  a  frequency  as  we  could  with  this  type  of  coil.  We  have, 
m  the  past  period,  constructed  a  coil -container  assembly  similar  to  that  shown  in  Figure  5, 
but  with  an  internal  diameter  of  five-inches.  This  container  *  however,  differed  from  earlier 
designs,  since  it  was  necked-in  at  the  bottom  as  in  die  cage  crucible  to  htlp  contain  the  liquid 
and  prevent  it  from  melting  downward. 

Several  experimental  runs  have  been  made  with  the  new  container.  The  re¬ 
sults  were  not  very  satisfactory.  Fusions  of  A1203  have  been  made  but  the  coupling  was 
ooviously  not  good  and  the  melt  could  not  be  maintained.  Furthermore,  this  assembly  is  a 
very  complex  load,  electrically.  There  is  considerable  capacitance  and  several  self-re¬ 
sonances  in  the  frequency  range  where  operation  is  possible.  W'e  believe  now  that  much  of 
the  trouble  is  due  to  the  incorporation  of  the  "bottom”  in  this  design  and  that  this  should  be 
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removed.  A  similar  problem  did  not  apparently  occur  in  the  experiments  of  Sterling  and 
Warren,  possibly  because  they  were  working  with  metuls  whose  conductivity  is  much  great¬ 
er  than  that  of  oxides.  It  is  unfortunate  that  this  latest  container  did  little  to  resolve  the 
container-coupling  problem.  Even  after  extensive  experimentation,  it  is  still  uncertain 
whether  or  not  oxides  such  as  AI2O3  and  BaZrOj  lose  coupling  because  of  a  gross  decrease 
in  conductivity  of  the  melt,  or  merely  because  the  container  and  driving  coil  are  not  proper¬ 
ly  designed  for  efficient  coupling.  The  latter  deficiency  could  be  corrected  by  proper  de¬ 
sign  but  not  the  former. 

A  related  problem  is  that  of  starting  the  melt.  In  the  experiments  of 
(17) 

Monteforte  et  ai.  slugs  of  the  metals  whose  oxides  were  to  be  fused  were  placed  in  the 
charge  as  initial  susceptors.  They  also  mention  starting  the  melt  with  an  oxy-hydrogen 
torch.  In  the  work  at  Linde,  several  start-up  procedure^  have  been  tried.  Auxiliary  heat 
sources  have  been  found  to  be  rather  unsatisfactory  for  refractory  substances.  The  auxiliary 
sou*  oe  must  produce  a  temperature  high  enough  to  melt  the  oxides.  This  is  very  difficult 
for  BaL  Ov  Even  if  a  heat  source  is  available,  it  is  usually  only  possible  to  heat  tne  charge 
from  the  top.  The  heat  will  not  penetrate  the  charge  very  well  and  only  melts  of  shallow 
depth  will  be  produced.  Although  not  treated  explicitly  in  the  discussion  of  skull-melting,  it 
hna  been  found  that  a.  certain  depth  or  thickness  of  the  melt  is  required  before  effective  coup¬ 
ling  takes  place.  Auxiliary  heat  sources  were  therefore  abandoned. 

Two  methods  of  starting  have  been  mainly  used,  both  involving  the  use  of 
ring-shaped  susceptors  placed  inside  the  charge  of  powdered  oxides.  In  one  method  metal 
rings  are  used  and  in  the  other  carbon  rings.  The  metals  chosen  were  always  those  corres¬ 
ponding  to  the  tetravalent  cation  in  ihe  oxide  system,  thus  titanium  and  zirconium.  In  this 
manner  no  contamination  is  introduced  other  than  an  eventual  excess  of  oxide  BO2,  and  this 
can  be  corrected  if  necessary.  This  is  a  most  desir?.,  -?  procedure  if  the  metal  has  a  high 
enough  melting  point.  For  example,  titanium  metal  rings  may  be  used  to  initiate  melts  of 
SrTiOs  (or  other  composition  in  the  SrO  -  Ti02  system  near  SiTlOg).  Titanium  metal  melts 
at  1670JC,  which  is  well  below  the  melting  point  of  Srli03  but  higher  than  the  SrTi03  -  Ti02 
eutectic  composition.  The  ring  is  buried  in  the  powered  charge  and  heated  mildly  by  induc¬ 
tive  coupling  to  warm  up  the  surroundings.  After  sintering  occurs  at  ca.  1200-1400i,C  more 
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power  is  admitted  until  the  ring  melts.  An  arc  may  establish  when  the  ring  melts  or  parts 
somewhere  along  its  periphery.  The  are  is  usually  not  detrimental  but  acts  to  add  energy 
to  the  system.  Under  favorable  circumstances,  sufficient  oxide  melt  will  be  formed  to 
couple  directly.  After  a  period  of  build-up  of  the  liquid  puddle,  the  skull  will  form  and 
stabilize.  A  similar  procedure  is  used  with  zireo^nim  rings  to  start  melts  of  BaZrOg. 
Zirconium  metal  melts  at  1857°C,  bu*.  Lids  is  considerably  less  than  the  melting  point  of 
BaZr03  and  even  less  than  the  BaZrOs  -  ZrOj  eutectic  temperature.  Thus  the  molten  metal 
must  remain  intact  and  act  as  a  susceptor  while  the  energy  to  fuse  the  oxides  is  built  up. 
This  has  been  accomplished,  but  it  is  difficult  and  uncertain.  Furthermore,  zircon'  m 
metal  rings  of  appropriate  size  are  difficult  to  obtain. 

When  carbon  rings  are  used  the  situation  is  somewhat  different.  The  car¬ 
bon  rings  will  not  melt  and  it  is  much  easier  to  control  the  warm-up  period  and  the  fusion. 
Once  again,  the  ring  may  eventually  part  and  initiate  an  arc  but  without  detriment.  Pro¬ 
vision  has  been  made  for  blanketing  the  experiment  with  oxygen  gas,  so  that  the  carbon 
may  be  oxidized  out  of  the  melt.  Complete  removal  of  the  carbon  is  easily  achieved.  The 
carbon-ring  start-up  procedure  is  easier  to  carry  out  than  the  metal-ring  procedure  and 
is  the  preferred  method. 

When  either  carbon  or  metal  rings  are  employed,  there  is  inevitably  some 
local  reduction  of  the  melt.  The  reduction  processes  have  not  been  investigated  in  any  de¬ 
tail  but  the  carbon  and  metals  will  behave  differently  in  this  respect.  With  titanium  metal 
rings,  Ti^  ,  TT  '  etc.  may  be  formed  in  the  charge  and  there  is  the  likelihood  of  a  number 
of  complex  intermediate  compounds.  With  zirconium  on  the  other  hand,  an  equilibrium  be¬ 
tween  Zr  metal,  02  gas  and  ZrOj  is  presumably  established,  without  "suboxide”  formation. 
The  presence  of  carbon  C3Xt  Ivud  to  the  temporary  formation  of  carbides.  These  compounds 
will  all  eventually  decompose  in  an  oxidizing  environment.  The  biggest  problem  in  the  use 
of  carbon  rings  is,  however,  the  necessary  evolution  of  gases  as  the  carbon  is  oxidized. 
This  usually  takes  place  smoothly.  However,  with  BaZrOg  there  is  a  pronounced  tendency 
to  freeze  over  the  top  surface  of  the  melt  because  of  heat  losses  there  by  radiation,  con¬ 
vection,  etc.  If  the  surface  does  freeze  over  the  gases  may  be  trapped  below.  This  is 
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hazardous  and  can  result  in  explosive  erruptions  from  the  system  when  the  pressure  gets 
high.  Several  attempts  have  been  made  to  circumvent  this  problem.  In  one  approach  a 
carbon  tube  was  used,  externally  supported  so  that  it  could  be  held  at  die  top  of  the  melt 
where  the  gases  could  escape  easily,  and  then  later  removed.  Tnis  method  fails  because 
tie  large  heat  leak  makes  it  impossible  to  heat  the  carbon  sufficiently.  Supporting  a  car¬ 
bon  ring  on  slender  rods  of  carbon  also  did  not  work  because  the  rods  would  form  hot 
spots  and  oxidize  rapidly, 

A  completely  different  approach  was.  therefore,  tried  for  starting  BaZr03. 
Special  samples  of  electrically  conductive  ceramic  Z1O2  were  obtained  from  the  Zirconium 
Corporation  of  America.  These  were  imbedded  in  the  power  charge  where  they  could  act 
as  susceptors.  However,  the  conductance  of  these  ceramics  is  only  high  at  temperatures 
in  excess  of  ca.  1000°C.  Thus  a  preheating  was  still  necessary.  We  attempted  to  achieve 
this  by  inserting  a  platinum  metal  susceptor  inside  the  zirconia  tube  or  ring.  The  intention 
was  to  heat  the  platinum  susceptor  by  induction  until  the  platinum  heated  the  zirconia  tube 
sufficiently  so  that  the  coupling  was  transferred  to  it.  The  platinum  would  then  be  removed 
and  the  zirconia  tube  heated  by  induction  until  fusion  of  the  BaZr03  charge  occurred.  De¬ 
spite  several  attempts  we  were  not  able  to  heat  the  zirconia  sufficiently  to  act  as  a  suscept¬ 
or.  Even  when  the  zirconia  was  apparently  above  1000°C  we  could  not  make  it  couple, 
possibly  due  to  thermal  cracking  of  the  tubing  which  was  apparent  in  certain  tests.  The 
method  was  not  pursued  further.  Such  a  procedure  may  yet  be  possible  but  it  is  difficult. 
One  cause  of  the  difficulty  is  that  the  container  geometry  and  oscillator  coil,  etc.  are  de¬ 
signed  for  efficient  coupling  to  poor  conductors.  The  filling  factors  of  the  platinum  and  the 
zirconia  are  both  necessarily  small  and  despite  the  large  available  power  the  coupling  to 
the  platinum  is  very  poor.  This  could  be  greatly  improved  by  lowering  the  frequency  but 
then  the  zirconia  and  the  mslt  (when  formed)  would  be  poorly  coupled.  Carbon  was  tried 
as  a  preheating  susceptor  and  it  did  work  much  better  than  the  platinum  but  we  were  still 
unable  to  couple  enough  energy  to  the  zirconia  to  make  it  a  susceptor. 

Finally,  rings  of  tungsten  metal  have  been  used  to  initiate  melts  of  BaSr03, 
The  starting  procedure  was  not  difficult  with  tungsten.  The  high  melting  point  of  tungsten 
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keeps  the  ring  intaci  until  the  BaZrG3  has  fused.  The  tungsten  is  gradually  oxidized  and 
the  metal  eventually  vanishes.  The  contamination  of  the  melt  with  tungstates  remains  a 
problem  for  crystal  growing.  The  volatility  of  the  oxides  may  be  sufficient  to  larpely  re¬ 
move  the  tungsten  from  the  melt  after  a  reasonable  period,  but  so  far  we  have  always 
found  moderate  amo’^ts  of  tungsten  in  emission  spectra  of  BaZr03  fusions  initiated  by 
tungsten  rings. 
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V. 


EXPERIMENTAL  RESULTS  AND  MATERIALS 


A; _ Analysis  of  Verneuil-Grown,  Mn-doped  SrTiOa’ 

Early  m  this  contract  a  number  of  crystals  of  SrTi03  were  grown  by  the 
Verneuil  process.  Several  of  these  crystals  were  doped  with  Mn02.  It  had  been  hoped 
♦hat  Mn+4  would  substitute  for  Ti+4  in  tne  SrTi03  lattice.  These  crystals  did  not,  how¬ 
ever,  exhibit  the  esired  fluorescence  of  Mnfl,  and  it  was  very  doubtful  that  the  manganese 
had  stayed  in  the  tetravalent  state.  Two  of  these  crystals  have  no w  been  examined  by  elec¬ 
tron  spin  resonance  (ESR)  in  order  to  ascertain  the  valence  state  of  the  manganese.  These 
examinations  were  made  for  us  by  Dr.  Paul  H.  Kasai  of  the  Union  Carbide  Research  Insti¬ 
tute.  Strong  ESR  signals  were  obtained  for  Mn+2  but  none  were  seen  for  Mm4.  The  ESR 
spectra  were  integrated  to  obtain  a  quantitative  estimation.  The  results  of  this  analysis  are 
as  follows: 

Sample  No.  Feed  Power  Composition  Chemical  Analysis  ESR 

1859-9e  1%  Ivin  0.  12%  Mn  .  06  -  .  12%  Mn+2 

1993-12  0. 02%  Mn  .  002  -  .  004%  Mr.+2 

These  analyses  confirm  that  essentially  all  of  the  manganese  is  present  in  the  divalent 
state.  This  is  not  at  all  surprising  since  the  vapor  pressure  of  oxygen  over  MnOz  in¬ 
creases  to  very  high  values  at  high  temperatures.  Furthermore,  the  oxygen  vacancy 
mechanism  in  SrTi03  can  supply  electrons  for  the  reduction  of  die  manganese.  The  ESR 
analyse?  do  not  indicate  whether  the  Mn+2  is  in  the  A-site  (Sr)  or  the  B-site  (Ti). 

B _ Summary  of  Skull-Melting  Experiments: 

Ihe  experimental  conditions  and  observations  for  most  of  the  skull-melt¬ 
ing  experiments  have  been  briefly  summarized  and  collected  in  Table  n.  Information 
about  the  coil,  the  type  of  contairer,  the  operating  frequency,  the  duration  of  the  melt  and 
pertinent  other  remarks  are  included.  The  table  is  self-explanatory  and  shows  the  chrono¬ 
logical  development  of  skull -melting,  and  the  achievements  and  difficulties  encountered  in 
the  indr  .dual  experiments.  The  experimental  problems  ha’  e  been  treated  above.  It  is 


convenient  here  to  discuss  the  results  in  terms  of  the  particular  oxide  systems. 


Titanates;  SrTiOa  and  BaTiQ3:  While  these  compounds,  particularly  SrTi03, 
may  be  of  some  interest  as  symmetric  laser  host  candidates,  our  main  purpose  vas  to  use 
them  as  pilot  substances  for  studying  the  skull -melui.g,  since  they  are  much  less  refractory 
than  BaZr03.  This  choice  may  have  been  somewhat  unfortunate,  since  it  now  appears  that 
they  behave  rather  differently  than  BaZr03.  These  compounds  have  been  fused  in  several 
of  the  experimental  geometries  and  melt  durations  of  up  to  seven  hours  have  been  achieved. 
To  date,  we  have  had  no  indication  that  these  melts  coult  not  be  sustained  indefinite  .  The 
skull  boundary  is  somewhat  adjustable  by  altering  the  r-f  power  and  the  melts  were  always 
mobile  and  flowing  from  edge  to  center  as  shown  in  Figure  7.  This  is  as  expected  for  a 
small  ’’skin  depth”  where  only  the  outer  regions  of  the  liquid  act  as  a  susceptor.  This 
pumps  the  liquid  up  on  the  outside  and  down  in  the  center.  This  flow  pattern  is  very  similar 
to  that  obtained  with  crucibles  and  should  be  amenable  to  crystal  pulling  and  we  have  pulled 
polycrystalline  masses  of  SrTi03  such  as  shown  in  Figure  8.  Examination  of  these  masses 
shows  many  small  cry^mllites  and  a  dark  color  indicative  of  oxygen  deaciency.  It  is  almost 
certain  that  this  oxygen  deficiency  creates  electronic  defects  which  absorb  radiant  energy 
from  the  melt.  The  material  being  "pulled"  th^r.  acts  as  a  thermal  insulator  and  impedes 
further  growth.  It  is  very  difficult  if  not  truly  impossible  to  pull  single  crystals  under 
these  conditions. 

The  experiments  with  BaTi03  (2146-66  and  68)  were  performed  in  order  to 
study  the  effect  of  char  ge  compensators  on  the  mass  pulled  from  the  melt.  Only  a  black 
polycrystalline  mass  was  pulled  from  pure  BaTi03.  A  small  quantity  of  LajC^  was  then 
added  to  the  melt  and  pulling  again  attempted.  A  very  black  misshapen  mass  was  pulled. 
Such  doping  is  known  to  produce  an  r.-type  semiconductor  (see  above).  The  experiment 
seemed  to  confirm  our  predictions  that  such  a  defect  is  detrimental  to  crystal  formation. 

The  container  was  emptied  and  recharged  with  BaTi03.  After  starting  the  melt  a  small 
quantity  of  A1203  was  added.  This  type  of  doping  should  increase  the  oxygen  deficiency 
but  decrease  the  electronic  cefects.  The  puilod  mass  was  indeed  lighter  in  color  than  pure 
or  La-doped  BaTi03.  It  was,  however,  still  opaque  and  rather  dark.  There  was  little 
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evidence  that  such  compositions  could  be  induced  to  grow  in  a  manner  where  a  single 
crystal  would  dominate. 

One  rather  obvious  way  to  decrease  the  oxygen  deficiency  is  to  increase  the 
oxygen  partial  pressure.  Early  experiments  showed  that  this  did  not  help  the  formation  of 
single  crystals.  The  solubility  of  oxygen  in  the  liquid  is  apparently  rather  high  and  this 
excess  oxygen  is  rejected  at  the  liquid  solid  interface  where  the  mass  is  being  pulled. 

This  is  a  further  impediment  to  heat  transfer.  Under  these  conditions  the  pulled  mass  tends 
to  be  concave  or  "hollow". 

Alumina:  AlgOs :  The  behavior  of  alumina  is  quite  different  from  that  of  the 
titanates=  We  have  no  interest  in  ah’mina  crystals  (sapphire  or  ruby)  under  this  contract 
and  it  was  chosen  only  as  a  test  substance  for  skull -melting.  Alumina  differs  from  the 
titanates  in  that  the  pulling  of  large  single  crystals  is  a  well  known  art.  There  is  no  diffi¬ 
culty  from  electronic  defects.  It  should,  therefore,  be  possible  to  pull  crystals  from  skull- 
melted  alumina. 

The  alumina  melts  were  initiated  with  carbon  rings.  The  process  proceeded 
smoothly.  Unlike  BaZr03  there  seemed  to  be  little  tendency  to  freeze  over.  In  fact,  several 
"blow  holes"  tend  to  form  in  the  charge  before  it  is  completely  fus  i,  apparently  kept  open 
by  the  es  raping  oxides  of  carbon.  1  ^se  holes  cannot  be  blocked  by  adding  powder.  There 
is  evidence  of  a  partial  reduction  of  the  AI2O3  by  the  carbon  but  after  running  a  while  in  an 
oxidizing  atmosphere,  the  carbon  is  apparently  comoletely  oxidized  and  removed. 

The  behavior  of  the  melt  is  considerably  different  than  that  of  the  titanates. 
First  of  all,  a  greater  driving  power  is  required  to  maintain  the  melt.  After  the  initial 
fusion,  where  the  carbon  is  still  present  and  the  melt  is  quite  turbulent,  the  liquid  becomes 
more  quiet  and  eventually  appears  to  be  nearly  stagnant.  The  surface  temperature  becomes 
quite  uniform  and  the  surface  of  the  liquid  becomes  uniformly  bright.  In  fact,  it  becomes 
very  difficult  to  "see"  the  surface  for  there  is  nothing  to  see  and  it  appears  blurred.  This 
type  behavior  is  only  to  be  expected  when  the  "skin  depth"  becomes  very  thick,  correspond¬ 
ing  to  a  small  F-value  where  the  coupling  is  very  poor.  The  geometry  was  such  that  the 
only  reasonable  explanation  was  a  gross  decrease  in  the  electrical  conductivity  of  the  melt. 
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This  prompted  us  to  make  the  separate  measurements  of  the  conductivity  a1203  reported 
in  the  Appendix.  The  value  of  the  conductivity,  384  mho/m,  is  but  one-fourth  the  previous¬ 
ly  accepted  value  but  not  low  enougn  to  readily  explain  the  poor  coupling  observed.  The 
skull-melting  experiments  were  performed  in  the  or>en  air,  while  the  atmosphere  in  which 
the  conductance  measurements  were  made  was  probably  less  oxidizing.  The  effect  of  the 
electrodes  (iridium)  also  annot  be  discounted.  Further  experiments  would  be  required  to 
determine  the  true  conductivity  of  AI2O3  melts  and  its  dependence  on  atmospheric  composi¬ 
tion. 

Whatever  the  cause,  the  experimental  effect  is  that  continually  greater  driv¬ 
ing  currents  are  required  to  maintain  the  melt.  Eventually  the  current  required  becomes 
more  than  the  oscillator  can  supply  (ie.  the  maximum  plate  voltage  of  the  oscillator  tube 
has  been  reached).  Gradually,  the  melt  will  freeze  terminating  the  experiment.  Even  so, 
one  of  the  AI2O3  melts  has  been  kept  for  three  hours  and  appeared  at  the  time  to  be  stable, 
as  noted  in  Table  n.  However,  all  the  experiments  with  Al203  melts  were  eventually  ter¬ 
minated  because  of  eventual  difficulty  in  sustaining  the  melt. 

The  only  way  to  cure  the  problem  of  poor  coupling  that  is  encountered  with 
A1203  melts  is  by  changing  the  design  so  as  to  increase  the  value  of  F.  While  it  may  be 
possible  to  alter  the  electrical  conductivity  of  the  melt  by  dopants  or  by  control  of  the 
gaseous  "atmosphere”,  this  procedure  would  not  usually  conform  to  the  requirements  of 
growing  crystals  from  "pure"  oxide  melts.  The  only  other  ways  to  increase  F  are  by  in¬ 
creasing  the  size  or  raising  the  frequency.  These  two  parameters  are  related,  for  the  in¬ 
ductance  of  a  coii  and  therefore  its  operating  frequency,  are  dependent  on  its  size.  Further¬ 
more,  increasing  the  frequency  by  decreasing  the  tank-circuit  capacitance  is  of  little  bene¬ 
fit,  since  the  circulating  current  is  decreased  and  the  delivered  power  may  drop.  For  these 
and  other  empirical  reasons,  we  have  found  it  impractical  to  elevate  the  oscillator  frequency 
much  above  3  megacycles.  Consequently,  the  o  iy  practical  cure  for  poor  coupling  appears 
to  be  to  increase  the  size  of  the  appar  atus,  while  simultaneously  employing  a  coil  geometry 
which  results  in  a  low  inductance  and  therefore  does  not  greatly  decrease  the  frequency. 

This  is  what  we  attempted  to  do  in  constructing  the  container  labled  HDC  No.  2  in  Table  II. 
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The  internal  diameter  of  this  container  is  five  inches  which  may  be  compared  to  2.5-inches 
for  HDC  No.  1.  The  increase  in  area  and  thus  in  B’  should  be  a  factor  of  4. 

(17) 

In  the  experiment  described  by  Montefcrte,  a  water-cooled-copper  can 
was  soldered  to  the  coil  as  a  bottom.  Sterling  and  Warren'  ;  used  a  variety  of  container 
shapes;  their  "cage  crucible"  was  an  inverted  dome  made  of  arcs  of  silver  tubing.  At  the 
lower  end  the  tubing  converged  and  connected  to  two  isolated  manifolds,  thus  forming  a 
sort  of  "bottom"  for  tne  charge.  In  our  experiments,  the  desirability  of  having  a  bottom 
had  been  noted,  because  with  merely  the  powder  charge  the  melt  gradually  tends  to  sink, 

(but  should  eventually  stabilize).  The  bottom  would  aid  in  this  stabilization.  We,  there¬ 
fore,  machined  HDC  No.  2  so  that  the  "leaves"  converged  to  form  a  bottom  for  the  charge. 
As  the  table  shows,  this  container  did  not  perform  as  desired.  The  cause  is  almost  cer¬ 
tainly  the  bottom.  The  electrical  behavior  (capacitance,  self-resonance,  etc.)  was  inferior 
to  the  straight  cylinders,  and  melts  could  neither  be  started  or  maintained  in  it.  In  order 
to  proceed  further,  the  bottom  would  have  to  be  machined  out  or  a  new  large  container  built. 
At  present  it  remains  an  open  question  whether  or  not  A1203  can  be  kept  molten  in  a  contain¬ 
er  of  this  size. 

Barium  Zirconate  BaZ^Os:  This  compound  is  the  most  difficult  to  fuse.  Un¬ 
like  the  two  other  systems,  starting  the  melt  is  a  severe  problem.  Of  the  many  methods 
tried,  we  have  had  consistent  results  only  with  carbon  and  tungsten  starting  rings.  Even 
with  these  there  are  problems.  The  gas  evolution  that  occurs  with  carbon  causes  a  hazard 
and  also  makes  the  operation  difficult  to  reproduce,  while  tungsten  acts  as  an  impurity. 

Once  the  melt  is  formed,  coupling  of  electrical  power  to  the  liquid  occurs 
without  apparent  difficulty,  at  least  in  the  early  stages.  However,  the  high  temperature 
(>2600°C)  and  the  consequently  large  radiation  from  the  top  surface  of  the  molt,  make  the 
heat  losses  large,  A  large  driving  power  is  required  to  keep  the  melt  from  freezing  over 
on  the  top.  The  radiative  losses  will  increase  with  the  cross-sectional  area  of  the  appara 
tus.  The  container  HDC  No.  1  was  made  with  internal  diameter  of  only  2. 5-inches  because, 
at  the  time,  this  was  thought  to  be  about  as  large  a  radiation  surface  that  we  could  maintain 
with  the  available  power. 
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The  skull-melting  experiments  with  BaZrC>3  have  been  alternately  encourag¬ 
ing  and  frustrating.  Melts  have  been  maintained  for  as  long  as  3  hours  (2146-12)  and  at¬ 
tempts  to  pull  crystals  were  apparently  impeded  more  by  lack  of  a  seed  crystal  than  by 
control  of  the  melt.  However,  the  c  cper.ience  with  BaZr03  seems  to  be  parallel  to  that 
of  AI2O3.  Eventually  the  melts  become  quiescent  and  of  uniform  temperature,  indicative 
of  large  skin  depth  and  poor  coupling.  These  observations  foretell  the  termination  of  the 
experiment.  Presumably,  the  poor  coupling  here  is  also  the  result  of  a  decrease  in  the 
electrical  conductivity  of  the  melt.  As  with  AI2O3,  a  better  result  would  be  expected  in  a 
larger  apparatus  but  with  BaZr03  we  cannot  get  much  larger  without  increasing  the  radia¬ 
tion  power  excessively. 

The  problem  encountered  in  BaZr03  and  A1203  appear  to  be  attributable  to 
changes  in  the  electrical  conductivity  of  the  liquid.  This  may  be  a  fundamental  problem 
in  skull -melting  of  oxides,  though  our  experiments  fall  short  of  proving  this.  However, 
in  most  "conductors"  or  "susceptors"  the  charge  carriers  are  electrons  (or  holes'  whose 
concentration  and  mobility  is  determined  by  the  "intrinsic"  structure  of  the  material.  The 
charge  carrying  species  in  molten  oxides  are  not  known,  nor  is  it  known  whether  they  are 
"intrinsic"  or  "extrinsic"  in  origin.  The  evidence  seems  to  indicate  that  gross  changes  n 
conductivity  may  occur  during  the  course  of  an  experiment,  making  it  difficult  to  attribute 
the  conductance  exclusively  to  intrinsic  processes.  This  problem  must  be  resolved  before 
the  skuil-melting  process  can  be  practically  exploited  in  the  synthesis  of  BaZr03  and  other 
dielectric  oxides. 
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COMPLEX  EFFECTIVE  PERMEABILITY 
for  full  circular  cylinders 
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where:  a  -  conductivity  mho/m 

d  =  object  diameter  m 
i  =  frequency  cps 
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APPENDIX 


THE  ELECTRICAL  CONDUCTIVITY  OF  LIQUID 
~  AlyOr,  (MOLTEN  CORUNDUM  AND  RUBY) 

by  Homer  Fay- 
Union  Carbide  Corporation 
Linde  Division,  Speedway  Laboratories 
Indianapolis,  Indiana 


ABSTRACT 

The  electrical  conductivity  of  pure  liquid  AljCL  has  been  measured  at  ca.  2'i00°K 
and  found  to  be  384  mho  m”1  ±  5%.  This  value  is  one-fourth  that  usually  quoted.  The 
measurements  were  made  in  an  iridium  crucible  with  a  coaxial  iridium  rod  as  the  second 
electrode.  By  measuring  the  resistance  as  a  function  of  the  immersion  depth  of  the  iri¬ 
dium  rod,  both  the  conductivity  and  the  series  circuit  resistance  were  determined.  The 
cell  was  calibrated  with  aqueous  electrolyte  solutions  after  correcting  for  polarization 
effects.  The  possibility  that  the  electrical  conductivity  is  dependent  on  the  oxidation-re¬ 
duction  properties  of  the  atmosphere  is  considered. 
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INTRODUCTION 


Data  on  the  electrical  conductivity  of  liquid  metal  oxides  are  still  quite  scarce. 

The  conductivities  of  the  more  refractive  oxides  in  particular,  have  in  most  cases  only 
been  estimated  from  electric  furnace  measurements.  Mackenzie'^  classifies  oxide  melts 
as  either  non-conducting  "network  liquids"  or  as  ionic  or  electronic  conductors.  Liquid 
AI2O3  is  considered  to  be  an  ionic  conductor.  The  most  comprehensive  study  of  the  con- 
ductivities  of  molten  oxides  is  probably  still  that  of  van  Arkel,  Flood  and  Bright.  They 
measured  the  conductivities  of  several  of  the  lower  melting  oxides  and  compared  them  with 
halides.  They  also  tabulated  values  for  MgO,  CaO,  Ti02,  Zr02,  ThOj,  Cr203  and  A1203; 
these,  however  were  not  measured  directly  but  were  estimated  from  electric  furnace  opera¬ 
tions.  The  conductivity  of  A1203  at  the  melting  point  is  given  as  15  x  102  mho  m-1. 

Recently,  we  have  been  experimentally  investigating  the  possibility  of  growing  crys¬ 
tals  from  melts  maintained  by  inductive  coupling  of  radio-frequency  power  directly  to  the 
melt.  In  this  process,  the  melt  acts  as  its  own  susceptor  and  its  conductance  is  very  signi¬ 
ficant.  Although  not  quantitative,  these  experiments  have  rather  consistently  indicated  that 
the  conductivity  of  Al203  was  considerably  lower  than  the  values  given  by  van  Arkel.  We, 
therefore,  decided  to  attempt  a  direct  measurement  of  the  conductivity  of  liquid  Al2Q3 
(molten  corundum  or  white  sapphire)  and  of  this  liquid  doped  with  Cr203  (molten  ruby). 


(1) 

J.  D.  Mackenzie,  "Oxide  Melts"  in  Advances  in  Inorganic  Chemistry  and  Radio¬ 
chemistry,  Volume  4  pp.  293  ff,  Academic  Press  Inc.  ,  New  York,  1962. 

(2) 

A.  E.  van  Arkel,  E.  A.  Flood  and  Norman  F.  H.  Bright,  Canadian  J  of  Chemistry 
31  1009-1019  (1953). 
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EXPERIMENTAL 

The  scarcity  of  high  temperature  conductance  data  is  due  to  the  difficulty  of  finding 
sufficiently  inert  and  refractory  materials  to  use  for  crucibles  and  electrodes.  After  some 
experimentation,  an  iridium  crucible  as  one  of  the  electrodes  and  a  small  diameter  iridium 
rod  as  the  other  were  found  to  be  satisfactory  for  this  purpose.  A  diagram  of  the  electrode 
and  crucible  configuration  is  shown  in  Figure  1.  The  crucible  was  ca.  1.  25  -  inch  in  dia¬ 
meter  and  1.  2-inch  deep  but  was  slightly  rounded  on  the  bottom.  A  2  1/4-inch  diameter 
rim  was  welded  to  the  top  edge  of  the  crucible  and  an  iridium  lead  wire  was  welded  to  this 
rim.  The  crucible  was  supported  by  its  rim  inside  a  special  oxy-hydrogen  combustion 
furnace,  the  combustion  zone  being  directly  outside  the  crucible.  The  central  iridium  elec¬ 
trode  was  mounted  in  a  Jacobs  chuck  of  a  drill  press  and  was  adjusted  to  be  approximately 
coaxial  with  the  crucible.  The  drill  press  permitted  vertical  movement  of  this  electrode 
and  measurements  were  made  at  various  immersion  depths  as  described  below. 

Resistance  measurements  were  made  with  a  General  Radio  Type  650A  bridge  driv¬ 
en  by  an  internal  oscillator  at  1000  cps.  This  bridge  has  but  a  single  balancing  control 
when  used  for  a-c  resistance,  and  thus  can  measure  only  relatively  pure  resistances.  A 
General  Radio,  1000  pf  variable  capacitor  was,  therefore,  inserted  in  the  bridge  in  parallel 
with  either  the  arm  adjacent  to  or  opposite  to  the  unknown,  as  required  to  sharpen  the  bal¬ 
ance.  The  bridge  contained  a  tuned  amplifier  and  was  balanced  using  a  Tektronix  oscillo¬ 
scope  as  the  final  detector.  The  cell  was  connected  to  the  bridge  through  a  coaxial  cable, 
with  extended  lengths  of  bare  copper  wires  and  clips  to  attach  to  the  iridium  wire  and  to 
the  chuck  holding  the  iridium  rod.  The  crucible  was  connected  to  the  shield  of  the  cable, 
which  was  grounded  at  the  bridge  A  measure  of  the  lead  resistance  could  be  made  by 
shorting  out  the  leads  where  they  connected  to  the  iridium.  This  did  not,  however,  cor¬ 
rect  the  readings  for  the  resistance  of  the  iridium,  w'hich  was  not  negligible.  The  crucible 
was  charged  with  fragments  of  pure  crystalline  AI2O3  and  heated  until  the  charge  was  melt¬ 
ed.  The  temperature  was  maintained  at  ca.  2400°K  as  measured  by  an  optical  pyrometer 
uncorrected  for  emissivity.  The  central  iridium  electrode  was  then  lowered  until  it  just 
touched  the  melt  surface.  This  position  was  noted  and  identified  as  the  "zero"  position. 

The  electrode  was  then  lowered  in  1/8-inch  intervals  to  a  depth  of  3/4-ineh  below  the  zero 
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point.  A  series  of  resistance  measurements  were  made  with  the  electrode  descending  and 
later  repeated  as  the  electrode  was  withdrawn.  (When  the  electrode  was  at  u  depth  of  3/4- 
inch,  a  few  measurements  were  attempted  with  a  radio-frequency  bridge.  Quantitative 
data  wer  not  obtained  but  the  radio-frequency  measurements  gave  no  indication  of  any  ap¬ 
preciable  dispersion  or  change  in  resistance  with  frequency).  The  audio-frequency  measure¬ 
ments  yielded  resistance  values  from  0,  15  to  0.  38  ohms,  after  subtracting  the  lead  resist¬ 
ance.  A  small  but  arbitrary  quantity  of  Cr203  was  then  added  to  the  charge  and  the  measure¬ 
ments  repeated  while  lowering  the  central  electrode. 

After  the  crucible  was  cooled,  the  crystallized  ruby  was  removed  and  an  estimate 
was  made  of  the  liquid  level.  The  electrical  assembly  was  then  reconstructed,  withcut  the 
furnace,  and  the  cell  filled  to  the  same  level  with  nearly  saturated  NaCl  solution.  The  elec¬ 
trical  conductivity  of  this  solution  had  measured  with  a  calibrated  dip  cell  to  be  10.  3  mho  m”1. 
Resistance  measurements  were  then  made  as  a  function  of  immersion  depth  of  the  electrode. 
However,  in  this  case  the  zero  resistance  reference  point  was  obtained  by  directly  contact¬ 
ing  the  crucible  with  the  central  electrode.  It  was  found  that  the  cell  polarized  quite  badly 
when  this  electrolyte  was  used.  A  similar  polarization  had  not  occurred  with  the  fused  AI2O3. 
In  fact,  the  reactance  corrections  were  negligibly  small  in  the  high -temperature  measure¬ 
ments  and  the  external  capacitor  was  only  used  to  sharpen  the  balance.  Large  values  of  ex¬ 
ternal  capacitance,  up  to  a  few  tenths  of  a  microfarad,  were  required  to  obtain  a  satisfactory 
balance  with  the  electrolyte.  It  was,  therefore,  necessary  to  correct  the  bridge  readings. 

It  was  assumed  that  the  capacitive  reactance  was  in  series  with  the  solution  resistance,  di¬ 
electric  effects  being  negligibly  small  for  this  solution.  The  equivalent  series  resistance 
was  calculated  and  from  this  the  cell  constant,  K,  was  determined  as  a  function  of  immer¬ 
sion  depth.  This  calibration  curve  is  shown  in  Figure  2.  The  cell  constant  was  never  "con¬ 
stant"  but  always  decreased  with  immersion.  However,  the  variation,  over  a  range  of  depths, 
was  smooth  enough  to  allow  reasonably  accurate  measurements. 

The  measured  resistances  in  the  AI2O3  experiments  have  been  plotted  as  a  function 
of  the  cell  constant,  K,  as  shown  in  Figure  3.  The  points  should  lie  on  a  straight  line  since, 

R  =  R  +  K/o.  When  the  data  taken  with  the  electrode  descending  and  ascending  are  treated 


separately,  good  linear  fits  are  obtained.  The  two  straight  lines  in  Figure  3  have  been  fit 
by  the  method  of  least  squares.  The  values  obtained  for  Rq  and  a  are: 

R Qi _o hms  a  .  m ho  m~; 

Electrode  descending  0.0702  385 

Electrode  ascending  0. 0535  383 

The  variation  in  Rq  may  represent  real  changes  in  contact  resistance  but  is  more  likely 
an  effect  of  the  meniscus  at  the  electrode.  The  mean  conductivity  at  2400<JK  is: 

CT  -  384  ±  8  mho/m 

The  range  limits  have  been  calculated  from  an  analysis  of  variance  and  represent  a 
probable  error  of  2%.  However,  the  absolute  value  of  the  cell  constant  is  in  doubt  by  more 
than  this  amount,  and  we  thus  estimate  the  conductivity  to  be  accurate  to  5%. 

The  addition  of  Cr203  to  the  charge  caused  a  definite  initial  decrease  in  conductivity. 

As  the  measurements  prog  'essed,  however,  the  resistance  values  for  ruby  approached  those 
for  pure  AI2O3  and  the  last  two  points  measured  fit  the  average  slope  very  well.  Apparently, 
the  conductivity  was  not  constant  during  t.iese  measurements  but  was  drifting  toward  an  equili¬ 
brium  value  identical  to  that  of  pure  A1203.  Finally  measurements  were  made  of  the  Aesis- 
tance  of  the  charge  as  the  furnace  was  cooled.  The  values  of  resistance  increased  smoothly 
but  very  rapidly  as  the  melt  solidified.  The  high  temperature  conductivity  of  the  solid  is 
apparently  not  negligible  but  it  is  still  much  less  than  that  of  the  liquid. 
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DISCUSSION 


The  method  used  for  measuring  the  conductivity  jf  high-melting  oxides  in  metallic 
crucibles  appeal's  to  be  capable  of  considerable  accuracy,  despite  the  fact  that  the  "cell 
constants"  are  rather  small  and  the  cell  must  be  calibrated  for  various  immersion  depths. 

The  conductivity  of  pure  liquid  Al203  near  its  melting  point  is,  according  to  the  pre¬ 
sent  study,  384  mho  m-1.  This  is  almost  a  factor  of  four  lower  than  the  value  of 

,  t  (2) 

15  x  l(r  mho  m  quoted  by  van  Arkel.  The  conductivity  is,  however,  still  sufficient 
to  consider  liquid  A1203  to  be  an  ionic  conductor.  The  charge  carrying  species  are  apparent¬ 
ly  small  and  mobile.  No  further  structural  inferences  can  be  made  from  these  few  measure¬ 
ments.  It  is  unfortunate  that  the  atmospheric  composition  could  not  be  controlled  during 
these  measurements.  The  fusion  was  made  in  the  open  air  but  the  local  atmosphere  could 
have  been  somewhat  reducing  from  the  flame  gases.  Other  observations  indicate  that  the 
appearance  of  the  melt,  its  viscosity  and  its  conductivity  may  all  depend  on  the  atmosphere, 
reducing  conditions  favoring  a  higher  conductivity.  One  possible  mechanism  that  could  ac¬ 
count  for  such  behavior  is  the  establishment  of  an  equilibrium  between  the  oxygen  in  the  at¬ 
mosphere  and  oxygen  "vacancies"  in  the  liquid.  We  hope  eventually  to  test  this  hypothesis 
by  further  experiments  in  controlled  reducing  and  oxidizing  atmospheres. 

The  addition  of  small  amounts  of  Cr203  to  the  melt  definitely  decreases  the  conduc¬ 
tivity  but  the  effect  is  apparently  only  temporary.  This  further  indicates  that  some  process 
of  equilibrium  with  the  atmosphere  is  taking  place. 
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FIGURE  I 

IRIDIUM  CRUCIBLE  AND  ELECTRODE  CONFIGURATION 
(scale  shows  immersion  depth  in  inches) 


CELL  CONSTANT, K,nT 


IWERSION  DEPTH,  INCHES 
FIGURE  2 

CELL  CONSTANT  CAI  !  BRAT  I  ON  CURVE  AS  DETERMINED  WITH  AQUEOUS  NaCl  SOLUTIONS 


CELL  CONSTANTS, nr 


RESISTANCE,  OHMS 


FIGURE  3 

MEASURED  RESISTANCE  VS  CELL  CONSTANT  FOR  PURE  Al203  AND  RUBY  AT  2MOO°K 
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